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Available online 27 April 2016Anti-hyperglycaemic effects of the hydroxybenzoic acid salicylate might stem from effects of the drug on mito-
chondrial uncoupling, activation of AMP-activated protein kinase, and inhibition of NF-κB signalling. Here, we
have gauged the contribution of these effects to control of hepatocyte glucose production, comparing salicylate
with inactive hydroxybenzoic acid analogues of the drug. In rat H4IIE hepatoma cells, salicylate was the only
drug tested that activated AMPK. Salicylate also reducedmTOR signalling, but this property was observedwidely
among the analogues. In a sub-panel of analogues, salicylate alone reduced promoter activity of the key
gluconeogenic enzyme glucose 6-phosphatase and suppressed basal glucose production inmouse primary hepa-
tocytes. Both salicylate and 2,6 dihydroxybenzoic acid suppressed TNFα-induced IκB degradation, and in genetic
knockout experiments, we found that the effect of salicylate on IκB degradation was AMPK-independent. Previ-
ous data also identiﬁed AMPK-independent regulation of glucose but we found that direct inhibition of neither
NF-κB normTOR signalling suppressed glucose production, suggesting that other factors besides these cell signal-
ling pathways may need to be considered to account for this response to salicylate. We found, for example, that
H4IIE cells were exquisitely sensitive to uncoupling with modest doses of salicylate, which occurred on a similar
time course to another anti-hyperglycaemic uncoupling agent 2,4-dinitrophenol, while there was no discernible
effect at all of two salicylate analogueswhich are not anti-hyperglycaemic. This ﬁnding supports much earlier lit-
erature suggesting that salicylates exert anti-hyperglycaemic effects at least in part through uncoupling.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Our recent work has investigated the mechanism of action of the
biguanide metformin [1–3] using chemical analogues of the drug. We
have become interested in widening this approach to study other anti-
hyperglycaemic agents, particularly those that share responses with
biguanides. For the current study, we have focused on the anti-
hyperglycaemic effects of the hydroxybenzoic acid (HBA) salicylate
(SA), which require much higher concentrations than are required to, RILD Building, RD&E Hospital,
.
. This is an open access article underinhibit prostaglandin production, suggesting that other mechanisms
contribute to their antidiabetic effects [4]. AMP-activated protein kinase
(AMPK) is an important focus of research, due to the discovery that
salicylates and other anti-hyperglycaemic agents including biguanides
and glitazones share in common an ability to activate AMPK [5–9].
This enzyme, which is activated by energy stress (for example, elevated
[AMP]), acts as a cellular energy checkpoint, suppressing ATP-
consuming processes and promoting ATP-generation [10,11]. Before re-
cent studies on salicylate and AMPK [12], work on salicylate and related
drugs in the 1950s suggested that anti-hyperglycaemic efﬁcacy might
be related to uncoupling effects [13–16]. One study in the 1970s found
that SA suppressed hepatic gluconeogenesis [17], but in recent years, in-
ﬂammatory signallingmechanisms, particularly inhibition of TNF-α-in-
duced NF-κB signalling [9,18–20], have becomemore prominent. Otherthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
1413A.R. Cameron et al. / Biochimica et Biophysica Acta 1862 (2016) 1412–1422workers have found that TNF-α-dependent activation of NF-κB sup-
presses gluconeogenesis [21], suggesting that effects of SA on the mito-
chondria and NF-κB could even oppose each other at the level of
gluconeogenesis.
It is very difﬁcult to distinguish the relative contribution of these re-
sponses by geneticmodiﬁcation, not least because the uncoupling effect
is unlikely to require interactionwith any speciﬁc gene product. Genetic
knockout of IKKβ [20] improves glucose tolerance akin to treatment
with SA; however, it has not yet been possible to demonstrate genetic
blockade of anti-hyperglycaemic effects of SA. For example, SA signiﬁ-
cantly improves glucose tolerance in AMPK-knockout mice [12], and
other gene-targeting studies with metformin indicate that repression
of hepatic gluconeogenesis with this agent can proceed in an AMPK-
independent manner [2,22]. In the current study, exploitation of the
chemical analogue approach, involving comparison of SA with other
HBAs, has afforded an excellent opportunity to investigate which of
these cell responses correspond best with known anti-hyperglycaemic
responses to the drugs.
2. Materials and methods
2.1. Materials
The compounds used in this study were dissolved directly in DMEM
and the pH corrected to pH7.4. The phospho-acetyl-CoA carboxylase
(ACC) Ser 79 antibody was from the Division of Signal Transduction
Therapy at the University of Dundee. The total ACC, total AMPKα,
phospho-AMPKα Thr 172, total S6, phospho-S6 Ser 240/244,
phospho-p70S6K Thr 389, total IκB, pNF-κB, total IKKα, and total IKKβ
antibodies for immunoblotting were from Cell Signaling Technology.
Actin antibody was from Merck. Antibodies used in the AMPK activity
assays were a generous gift from Prof D. Grahame Hardie at the Univer-
sity of Dundee. Chemical structures were drawn using ChemSketch.
BI605906 was a generous gift from Prof Sir Philip Cohen (MRC Protein
Phosphorylation and Ubiquitylation Unit, Dundee).
2.2. Cell culture and lysis for immunoblotting
H4IIE cells were maintained essentially as described previously [1,
23–25] grown in DMEM plus 5% Fetal calf serum (Seralab) and used
for nomore than 30 passages. Brieﬂy, freshmediumwas added the eve-
ning before an experiment and cells were lysed on the ﬁfth or sixth day
after seeding. Two hours prior to stimulation, cells were placed in
DMEM without serum. For lysis, cells were scraped into ice-cold buffer
A: (50 mM Tris acetate pH7.5, 1% (w/v) Triton X100, 1 mM EDTA,
1 mM EGTA, 0.27 M sucrose, 50 mMNaF, 1 mM sodium orthovanadate,
10 mM β glycerophosphate, 5 mM sodium pyrophosphate, 1 mM
benzamidine, 0.2 mM phenylmethylsulfonyl ﬂuoride (PMSF), and 0.1%
(v/v)β-mercaptoethanol) and thenprepared for SDS-PAGE asdescribed
previously [26,27]. The protein concentration was measured using
Bradford reagent (Pierce). HT-29 cells were a generous gift from
Prof. Inke Nathke (Dundee). They were grown similarly to H4IIE cells
except that they were cultured in 4.5 g/l glucose-containing DMEMTable 1
Comparison of effects of HBAs SA, 2,5-DHBA, and 2,6-DHBA.
Compound Reduced glucose production
(this study)
Activation of AMPK activity
(this study and [12])
SA Yes Yes
2,5-DHBA
(gentisate)
No No
2,6-DHBA
(γ-resorcylate)
No Nosupplemented with 10% serum (PAA) and non-essential amino acids
(Sigma). Extraction of primary hepatocytes was carried out essentially
as described previously [1,22]. Immunoblot densitometry for each anti-
body was performed with Image Studio Lite version 5.2 (LI-COR).
2.3. Preparation of cell extracts, immunoprecipitation and assay of AMPK
This was carried out essentially as described previously [1]. Brieﬂy,
cells were washed twice in ice-cold PBS then harvested in ice-cold
lysis buffer (50mM Tris–HCl, pH 7.4, 50 mM sodium ﬂuoride, 5 mM so-
dium pyrophosphate, 1 mM EDTA, 1 mM EGTA, 150 mM sodium chlo-
ride, 1 mM dithiothreitol (DTT), 0.1 mM benzamidine, 0.1 mM PMSF,
1% Triton X-100, and 5 μg/ml soybean trypsin inhibitor). Lysates were
cleared of debris by centrifugation at 13,000g for 15 min at 4 °C, and
the protein concentration measured as in the previous section. AMPK
assay was carried out essentially as described previously [1]. Brieﬂy,
cell extracts were incubated overnight with protein G sepharose conju-
gated to both anti-AMPKα1 and AMPKα2 antibodies [28]. Immunopre-
cipitates were pelleted and rinsed twice with 1 ml ice-cold buffer (as
above but with 0.5 M NaCl) and once with ice-cold HEPES buffer
(50 mM HEPES pH 7.4, 0.03% Brij-35, and 1 mM DTT). AMPK activity
was assayed at 30 °C, in the presence of 0.1 μCi of [γ-32P]ATP,
0.33 mM cold ATP, 8.3 mM MgCl2, 0.33 mM AMP, and 0.33 mM SAMS
peptide. Kinase activity is expressed as the amount of AMPK catalyzing
the phosphate incorporation of 1 nmol substrate in 1min permgof pro-
tein. Each bar of a graph consists of data fromat least six separate immu-
noprecipitations, each from a separate dish of cells. All animal care
protocols and procedures were performed in accordance with current
regulations.
2.4. Generation of LLHGglucose 6-phosphatase (G6Pase) promoter reporter
cell line
The human G6Pase promoter was cloned using genomic DNA ex-
tracted from HepG2 cells. Brieﬂy, the promoter region stretching from
−2785 bp to +85 bp, relative to the transcriptional start site, was am-
pliﬁed using the following primers: Human G6Pase fwd 5′–GTCGACCC
TTTGAGAATCCACGGTGTC–3′ and Human G6Pase rev 5′–AAGCTTAGGT
GCCAAGGAAATGAGG−3′. The G6Pase promoter was ﬁrst sub-cloned
into TOPO before further cloning into pGL4.17[luc2/neo] (Promega)
using KpnI and XhoI and conﬁrmed correct by DNA sequencing. H4IIE
cells were transfected with the pGL4-Human G6Pase construct using
the calcium phosphate transfection methodology [29]. Cells that had
stably integrated the pGL4-human G6Pase-luciferase DNA were select-
ed by treating with 500 μg/ml G418 for 1 week. Surviving colonies
were expanded, in the presence of G418, until they could be screened
for luciferase expression.
Transfected cells were screened for hormonal regulation of the
G6Pase promoter. Conditions of fasting and feeding were mimicked
by the addition of dexamethasone (500 nM), 8-CPT-cAMP
(100 μM), and insulin (10 nM), respectively, and cells which showed
signiﬁcant stimulation and repression of luciferase expression were
then further examined to verify that key components of the insulinUncoupling (this study) Blockade of TNFα-induced
NF-κB signalling in HT-29 cells
(this study and [18])
N50% inhibition of
G6Pase promoter
(this study)
Yes Yes Yes
No No No
No Yes No
1414 A.R. Cameron et al. / Biochimica et Biophysica Acta 1862 (2016) 1412–1422signalling pathway [30–32], including PI-3 kinase, PKB, and GSK3
were responsive (data not shown). The cell line LLHG was selected
for future use.
2.5. Luciferase reporter assay
LLHG cells were seeded onto 12-well plates and left overnight.
Cells were washed once in serum-free DMEM before serum starving
for 6 h and subsequent overnight treatment as indicated in ﬁgureFig. 1. Comparison of effects of SA and analogues on AMPK signalling. (a,b) H4IIE cells were incub
(10mM) shown.Densitometry of blots fromeach experimentwas carried out as described in the
⁎⁎⁎p b .001, n= 5. Cells were then lysed and prepared for immunoblotting as described in them
ACC1/2 (ACC) and one which detects phosphorylated ACC1/2 (pACC Ser 79). A third and four
housekeeping protein actin. (c) H4IIE cells were incubated in serum-free medium and then st
earlier, two S6 antibodies were used, one which detects total S6 protein (S6) and another one
prepared for immunoblotting with antibodies as already described in the methods; ⁎p b .05, n
Two further antibodies, to detect p70S6K regardless of phosphorylation (p70S6K) or when phlegends. For lysis, cells were washed once in PBS before addition
of 1× Cell Culture Lysis Buffer (Promega). Wells were scraped and
lysates centrifuged for 2 min, 4 °C, 13,000 rpm. For luciferase
assay, 10 μl lysate was added to a 96-well, white walled, clear
bottom plate and 100 μl luciferase assay reagent (Promega) added
before mixing brieﬂy and quantifying luminescence. Values were
normalized to lysate protein concentration by Bradford assay.
Each bar of a graph consists of data from at least six separate
measurements, each from a separate dish of cells.ated in serum-free medium for 2 h, prior to stimulation for 3 h with or without the agents
Materials andmethods. Treatments signiﬁcantlydifferent fromuntreated cells are shown;
ethods. Two acetyl-CoA carboxylase (ACC) antibodies were used, one which detects total
th antibody detects AMPK whether or not it is phosphorylated. A ﬁfth antibody is to the
imulated as in (a) but with a dose–response of SA as shown. Besides the antibodies used
which detects phosphorylated S6 protein (pS6 Ser 240/244). Cells were then lysed and
= 3–4. (d) Lysates treated as in (a) were probed with the S6 antibodies just described.
osphorylated on residue Thr389 (pp70S6K Thr389), were also used, n = 4.
Fig. 1 (continued).
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Fig. 2. Effect of SA and analogues on AMPKactivation andNF-κB signalling. (a) H4IIE cells were grown in serum-freemedium for 2 h, followed by stimulationwith the agents shown (10mM)
for 3 h followed by AMPK assay as described in Materials and methods. Treatments signiﬁcantly different from untreated cells are shown; ⁎⁎⁎p b .001, ⁎p b .05 with respect to untreated
cells. (b) HT-29 cells were serum starved overnight in 0.25% serum, prior to treatment for 1 h without or with 30mM each of the analogues shown. The effect of each agent on IκB levels
following 10 ng/ml TNF-α treatment (ﬁnal 15min)was assessed by immunoblotting. Another antibody detected total IKKβ. Densitometry of blotswas carried out as described inMaterials
andmethods. Co-incubations of drugwith TNF-α signiﬁcantly different fromTNF treatment alone are shown. For both antibodies, TNF-α plus salicylate n=7, TNF-α plus 2,6-DHBAn=4.
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Treatment of cells for hepatocyte glucose production was carried out
essentially as described previously, using primary mouse hepatocytes
with modiﬁcations [1,22]. Glucose production was determined after a
12-h incubation period in glucose-free DMEM with or without HBAs,
other drugs or 2mMmetformin. At the end of the incubation period, me-
dium was collected and glucose concentration determined by ﬂuores-
cence measurement in the Amplex Red glucose assay (Invitrogen) for
experiments including hydroxybenzoic acid or GAGO assay (Sigma) for
other experiments. Each bar of a graph consists of data from at least
three separate measurements, each from a separate dish of cells.2.7. Measurement of whole-cell oxygen consumption rate
Using the Seahorse XF96 (Seahorse Bioscience), oxygen
consumption rate (OCR) was measured essentially as described
previously [12]. Brieﬂy, H4IIE cells were plated at a density of
3 × 10 [4] cells/well in 80 μl serum-containing medium and incu-
bated overnight. For the assay, cells were washed twice and incu-
bated for 2 h in 200 μl serum-free medium (Phenol red free
DMEM [A14430 Gibco], 25 mM HEPES, 5.5 mM glucose, 2 mML-Glut, and 2.5 mM pyruvate). 180 μl fresh media was added and
the plate was degassed at 37 °C for a further 1 h. OCR was continu-
ously measured for a period of 50 min. 20 μl of 10X stock drugs
made up in the same SF media were added after the ﬁrst baseline
reading.
2.8. Data analysis
Data are expressed as mean ± SEM. Statistical analyses were per-
formed using one-way ANOVA with Dunnett's or Tukey's post hoc test-
ing using GraphPad Prism 6 statistical software.
3. Results
3.1. Comparison of SA and related compounds on AMPK and mTOR
signalling
In a panel of drugs related to SA, we found that SA alone induced
phosphorylation of AMPK and its substrate ACC strongly, while other
compounds elicited less robust responses, if any (Fig. 1a). The structures
used are shown in Fig. 1b. In dose–response experiments, SA also re-
duced phosphorylation of S6 (Fig. 1c), which is a reporter of mTOR sig-
nalling that is regulated by metformin [1,33,34] and thiazolidinediones
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sponses to the various SA analogues (Fig. 1d). AMPK-dependent and in-
dependent mechanisms have been suggested to account for effects of
metformin on mTOR signalling [33,35]. Possibly consistent with more
than one mechanism, we found that mTOR pathway suppression is a
common property of almost all HBAs (Fig. 1d).
3.2. Investigation of NF-κB, AMPK, and gluconeogenic gene expression re-
sponses to hydroxybenzoic acids and their analogues
We continued to study more intensively SA analogues with better
characterised pharmacology. These were 2,5-DHBA (also known as
gentisate), 2,6-DHBA (also known as γ-resorcylate), both of which
have been reported to have anti-inﬂammatory properties by some but
not all investigators [36–39], but neither of which exhibit short-term
anti-hyperglycaemic properties in vivo [14,36,40]. In H4IIE cells, we
used AMPK assays to conﬁrm our earlier immunoblotting data that SA
is the only AMPK activator in this focussed panel, with no other agent
having signiﬁcant effects on AMPK activity compared with untreated
cells (Fig. 2a).
To investigate anti-inﬂammatory signalling effects of the panel, we
studied the effects of each drug on blockade of TNFα-dependent degra-
dation of IκB in HT-29 cells. We chose this cell line because it has been
used previously to study salicylate effects on inﬂammatory signalling
[18]. In the panel, 2,6-DHBA was capable of repressing IκB degradation
in a similar manner to SA, whereas 2,5-DHBA was unable to protect
IκB from degradation (Fig. 2b).
3.3. Effect of the selected agents on hepatic signalling
The results from HT-29 cells prompted us to study whether effects
on inﬂammatory signalling may be observed in primary hepatocytes,
which provide an excellent model to study glucose production in the
laboratory. In signalling experiments, we found that the compounds ex-
hibited similar effects to those in cell lines, with SA being the onlyFig. 3. Dose–response of SA and its analogues on signalling in wild type and AMPK double knockou
absence of 5–30 mM SA and the analogues shown for 3 h prior to treatment with 10 ng/ml
Figs 1 and 2. Densitometry of blots was carried out as described in Materials and methods. T
shown; ⁎⁎⁎p b .001, ⁎⁎p b 0.01, ⁎p b .05, n = 4–5. (c) Cells were treated with varying doses o
were compared side by side with those extracted from liver-speciﬁc AMPK double knockout
column (+/−TNFα, KO/wild-type) are shown, n = 3.compound giving robust AMPK pathway activation (Fig. 3a) and as in
HT29 cells, both SA and 2,6-DHBA blocked TNF-induced IκB degradation
at 30mM (Fig. 3b). Since 2,6-DHBA is a very poor AMPK activator com-
pared with SA (Figs. 1a,3a), this raised the possibility that this series of
drugs might regulate IκB degradation independently of AMPK. Using
hepatocytes extracted from liver-speciﬁc double knockout AMPK mice
[22], we conﬁrmed that the effect of SA on TNF-induced IκB degradation
did not require AMPK (Fig. 3c).
3.4. Effect of salicylate and its analogues on glucose production and glucose
6-phosphatase (G6Pase) promoter expression
Earlier studies had suggested that SA acts by inhibition of gluconeo-
genesis, [17] and consistent with this, we observed an effect of 10 mM
SA on promoter activity of the key gluconeogenic regulatory enzyme
G6Pase (Fig. 4a). In dose–response experiments and similar to effects
of metformin [1], we found that SA reduced expression of G6Pase pro-
moter activity but in contrast, the other agents in the panel were unable
tomatch this effect (Fig. 4b). Thus, G6Pase promoter activity, like AMPK
activity, is unique to SA and correlates well with anti-hyperglycaemic
properties in the drug series. Measuring effects on glucose, used at
10mM, SA reduced glucose production, but in contrast, therewas no re-
sponse to 2,5-DHBA and 2,6-DHBA (Fig. 4c).
3.5. Effect of individual signalling pathways on glucose production
Previous results suggested that AMPK activation is not sufﬁcient to
inhibit glucose production in hepatocytes [22]. In order to determine
whether mTOR pathway or NF-κB inhibition might mediate effects of
SA on glucose production, we incubated hepatocytes in the presence
of a pharmacological agents to inhibit these pathways. We used
rapamycin as a very potent inhibitor of mTOR [25,26] and BI605906 to
inhibit IKKβ and hence NF-κB signalling [41]. In these experiments, de-
spite producing the expected effects on their respective pathways (we
included A769662 as a positive control to demonstrate activation oft primary hepatocytes. (a, b) Primary mouse hepatocytes were treated in the presence or
TNFα (ﬁnal 15 min). Signalling responses were measured using antibodies described in
reatments signiﬁcantly different from the appropriate control column (+/−TNFα) are
f SA as in (a), except that hepatocytes extracted from wild-type (WT, black bars) mice
(KO, grey bars) animals. Treatments signiﬁcantly different from the appropriate control
cont
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duce hepatocyte glucose production (Fig. 5b).
3.6. Effect of selected agents on mitochondrial responses
Earlier work comparing SA and the compound 2,4-dinitrophenol
(DNP) attributed anti-hyperglycaemic effects to mitochondrial
Fig. 3 (uncoupling induced by these agents [43,44]. DNP has previously been
shown to suppress glucose production, including experiments in hepa-
tocytes [45] and in liver perfusion experiments [44]. To testwhethermi-
tochondrial effects might contribute to the difference between SA and
2,5- or 2,6-DHBA, we compared them in H4IIE cells, side by side with
DNP in Seahorse experiments. Our experiments found that in H4IIE
cells SA, but not 2,5- or 2,6-DHBA rapidly increased oxygen
inued).
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ilar to DNP (Fig. 6). The magnitude and potency of the two drugs wereFig. 4. Effect of salicylate and analogues on glucose 6-phosphatase promoter activity and
glucose production. (a) LLHG cells stably expressing the G6Pase promoter with a
luciferase reporter were serum starved for 6 h and subsequent overnight treatment
without or with a dose–response of 10 mM SA or insulin (10 nM) followed by lysis and
measurement of luciferase as described in Materials and methods. (b) Dose–response of
G6Pase promoter to SA, 2,5-DHBA and 2,6-DHBA. Drug treatments signiﬁcantly different
from Dex/cAMP are shown, ***p b .001, *p b .05 (c) Glucose production in response to
10 mM of each agent (except 2 mM metformin) was measured as described in the
methods. Treatments signiﬁcantly different from untreated cells are shown.different however, as 2 mM SA produced about half the increase in ox-
ygen consumption of cells treated with 100 μM DNP.
4. Discussion
Beginning our studies, we conﬁrmed that salicylic acid (SA) acti-
vated AMPK and found that it repressed mTOR pathway signalling.
Previous work has shown that these pathways are regulated in com-
mon by clinically used type 2 diabetes (T2D) agents metformin [5,33,
34] and thiazolidinediones [1,8]. In addition, SA inhibited TNFα-
dependent NF-κB signalling as has been reported previously [20].
This raised the possibility that SA might exert some of its effects
through AMPK-dependent regulation of inﬂammatory signalling
[46]; however, in liver cells with both catalytic subunits of AMPK
knocked out, the effect of SA on TNFα-dependent IκB degradation
remained, indicating that effects of SA on NF-κB do not require
AMPK.
In further work on a subgroup of the structures (results for this
subgroup summarised in Table 1), we found that SA alone suppressed
G6Pase promoter activity and hepatic glucose production. The concen-
trations we used to study these last two readouts (10mM)were higher
than concentrations of SA typically achieved in the general circulation,
but earlier work has reported effects of aspirin, which is rapidly
metabolised to salicylate, on glucose production with plasma concen-
trations in the range of 1.8–2.5 mM [47]. Similar results have been ob-
tained in perfused liver, with effects of SA observed at 2 mM [17]. Due
to pharmacokinetic considerations, the notion of gluconeogenesis as
an important anti-hyperglycaemic target of SA might also help to
account for the high doses of drug required for anti-hyperglycaemic
effects. Radiolabelled salicylate and aspirin both distribute mainly to
the stomach mucosa at low doses, but at higher doses, each of the
main gluconeogenic tissues including liver, renal cortex, and the gastro-
intestinal tract are among the most strongly labelled tissues [48–50].
The side effects accompanying high doses of SA have greatly hindered
adoption of this drug and related substances in T2D. Better targeting
of gluconeogenic tissues may circumvent these difﬁculties.
Comparing signalling responses to SA and its analogues, we found
that effects on AMPK phosphorylation corresponded most closely
with effects on G6Pase promoter activity, hepatic glucose produc-
tion, and published anti-hyperglycaemic properties of the drugs
in vivo. Previous work has shown, however, that glucose production
can be suppressed [22] and SA can mediate anti-hyperglycaemic ef-
fects [12] in AMPK-deﬁcient mice. In addition to these earlier ﬁnd-
ings, we found that signiﬁcant suppression of hepatocyte NF-κB
signalling with salicylate required concentrations (10–30 mM) that
are unlikely to be tolerably achieved in vivo. Furthermore, we
found that inhibition of either mTOR or NF-κB was insufﬁcient to
suppress hepatic glucose production. Together, these results suggest
that models of salicylate's anti-hyperglycaemic action based purely
on signalling effects may be too simple and that other aspects need
to be considered. Besides AMPK signalling, which needed at least
5–10 mM SA to be signiﬁcantly activated in dose-response experi-
ments, the only other action of hydroxybenzoic acids that we found
correlated well with published anti-hyperglycaemic properties was
mitochondrial uncoupling. SA but not its analogues was able to in-
duce uncoupling acutely at 2 mM, a concentration which is consis-
tent with ranges of plasma salicylate observed in humans following
anti-hyperglycaemic doses of prodrugs salsalate or aspirin [47,51].
Taken together with our data, this suggests that direct effects of SA on
hepaticmitochondria are likely to contribute to anti-hyperglycaemic ef-
fects of SA, through action on hepatic gluconeogenic gene expression
and hepatic glucose production. Mitochondrial inhibition has also pre-
viously been suggested as an anti-hyperglycaemic mechanism for
biguanides [22] and thiazolidinediones [52]. The differences between
SA and 2,5/2,6-DHBAwe have observedmight also account for previous
ﬁndings that SA but not 2,5- nor 2,6-DHBA reduces liver glycogen stores
Fig. 5. Effect of speciﬁc inhibitors of mTOR and NF-κB on signalling and hepatocyte glucose production. (a) Primary hepatocyteswere pre-treated as shownwith orwithout 10 μMBI605906 or
150 nM rapamycin prior to treatment with 10 ng/ml TNF-α (ﬁnal 15min), prior to lysis and immunoblotting using antibodies described earlier. Densitometry of blots was carried out as
described in Materials and methods. Treatments signiﬁcantly different from control cells (+/- TNF-α) cells are shown, n = 3. (b) Glucose production in response to each agent was
measured as described in Materials and methods. ⁎⁎⁎p b .001 of treated columns with respect to no treatment.
1420 A.R. Cameron et al. / Biochimica et Biophysica Acta 1862 (2016) 1412–1422[53]. In direct comparison, the SA effect on oxygen consumption was
at a magnitude that was about half that of DNP, even though twenty
times more SA was added than DNP. Further investigation of the
reason(s) underlying this difference will be critical to illuminate the
marked difference in the therapeutic window between these agents. It
has long been recognised that SA is not only more efﬁcacious but also
much less toxic than DNP [43].
We do not exclude involvement of NF-κB, mTOR, or other signal-
ling in anti-hyperglycaemic effects through other tissues and/or
pathophysiological contexts in vivo. Protective effects of IKKβ knock-
out against insulin resistance, for example, are understood to be me-
diated mainly through effects that this has on alleviating systemic
inﬂammation in obesity [54,55]. To investigate this, it might be inter-
esting to compare long-term effects of 2,6-DHBA and SA in diet-
induced obese animals, as we found both drugs inhibit NF-κB
signalling. 2,6-DHBA tends to reduce glucose tolerance, at least in
short-term treatment [36], does not readily inhibit the mitochondria
(our work and [13,16]), and in our studies, it did not inhibit G6Pasepromoter activity, nor did it reduce glucose output from hepato-
cytes; however, in the context of obesity and long-term drug treat-
ment, beneﬁcial effects of both drugs on inﬂammation may be
exhibited, allowing comparison with pharmacology restricted to
SA, such as the uncoupling effect that we have studied.
5. Conclusion
In this work, we have investigated responses to SA in hepatocytes.
Comparison with a panel of SA analogues suggests that mitochondrial
uncoupling and AMPK activation but not other signalling pathways
correlate well with published anti-hyperglycaemic effects.
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Fig. 6. Effect of salicylate, 2,5-DHBA, 2,6-DHBA and 2,4-dinitrophenol on mitochondrial
respiration. H4IIE cells were incubated in serum-free medium for 2 h followed by a
further 1 h degas. Using a Seahorse analyser (Seahorse Bioscience), oxygen consumption
rate (OCR) was measured. After the ﬁrst reading, 2 mM salicylate (▲), 2 mM 2,5-DHBA
(▼), 2 mM 2,6-DHBA (♦), or 100 μM 2,4-dinitrophenol (■) was added. Untreated
samples are also shown (●). Data were normalised to untreated samples at zero
minutes. Data are from 5 to 10 wells in duplicate. ⁎⁎⁎p b .001, ⁎⁎p b .01, ⁎p b .05 of
treated time point with respect to no treatment at the same time point.
1421A.R. Cameron et al. / Biochimica et Biophysica Acta 1862 (2016) 1412–1422Acknowledgements
We thank Dr. Craig Beall (Exeter) for assistance on Seahorse experi-
ments. GR gratefully acknowledges support from MRC (MR/K012924/
1), the Cunningham Trust, and the Diabetes UK RW & JM Collins stu-
dentship (12/0004625), which is supporting CF. SB was supported by
a Ph.D. studentship from the Rank Prize Funds, with additional support
provided by theUniversity of Dundee. KPwas supported by aWellcome
Trust Clinical Ph.D. studentship. The research was also supported by
Tenovus Scotland (GR), by the UK Medical Research Council (KS and
GR), by the Région Ile de France-CORDDIM (MF), and by the Société
Francophone du Diabète (MF). DS and GMcD acknowledge funding
from The Scottish Government's Rural and Environment Science and
Analytical Services Division.
References
[1] L. Logie, J. Harthill, K. Patel, S. Bacon, G. McDougall, D.L. Hamilton, K. Macrae, H.-H.
Wang, L. Xue, H. Jiang, K. Sakamoto, A.R. Prescott, G. Rena, Cellular responses to
the metal-binding properties of metformin, Diabetes 61 (2012) 1423–1433.
[2] G. Rena, E.R. Pearson, K. Sakamoto, Molecular action and pharmacogenetics of met-
formin: current understanding of an old drug, Diabetes Manag. 2 (2012) 439–452.
[3] G. Rena, E.R. Pearson, K. Sakamoto, Molecular mechanism of action of metformin:
old or new insights? Diabetologia 56 (2013) 1898–1906.
[4] J.A. Mitchell, M. Saunders, P.J. Barnes, R. Newton, M.G. Belvisi, Sodium salicylate in-
hibits cyclo-oxygenase-2 activity independently of transcription factor (nuclear fac-
tor κB) activation: role of arachidonic acid, Mol. Pharmacol. 51 (1997) 907–912.
[5] G. Zhou, R. Myers, Y. Li, Y. Chen, X. Shen, J. Fenyl-Melody, M. Wu, J. Ventre, T.
Doebber, N. Fujii, N. Musi, M.F. Hirshman, L.J. Goodyear, D.E. Moller, Role of AMP-
activated protein kinase in mechanism of metformin action, J. Clin. Invest. 108
(2001) 1167–1174.
[6] S.A. Hawley, A.E. Gadalla, G.S. Olsen, D.G. Hardie, The antidiabetic drug metformin
activates the AMP-activated protein kinase cascade via an adenine nucleotide-
independent mechanism, Diabetes 51 (2002) 2420–2425.
[7] L.G.D. Fryer, A. Parbu-Patel, D. Carling, The anti-diabetic drugs rosiglitazone and
metformin stimulate AMP-activated protein kinase through distinct signaling path-
ways, J. Biol. Chem. 277 (2002) 25226–25232.
[8] J.G. Boyle, P.J. Logan, M.A. Ewart, J.A. Reihill, S.A. Ritchie, J.M.C. Connell, S.J. Cleland,
I.P. Salt, Rosiglitazone stimulates nitric oxide synthesis in human aortic endothelial
cells via AMP-activated protein kinase, J. Biol. Chem. 283 (2008) 11210–11217 (17,
11210–11217).
[9] G. Rena, K. Sakamoto, Salicylic acid: old and new implications for the treatment of
type 2 diabetes? Diabetol. Int. (2014) 1–7.
[10] D.G. Hardie, F.A. Ross, S.A. Hawley, AMPK: a nutrient and energy sensor that main-
tains energy homeostasis, Nat. Rev. Mol. Cell Biol. 13 (2012) 251–262.
[11] D.G. Hardie, K. Sakamoto, AMPK: a key sensor of fuel and energy status in skeletal
muscle, Physiology (Bethesda, Md) 21 (2006) 48–60.
[12] S.A. Hawley, M.D. Fullerton, F.A. Ross, J.D. Schertzer, C. Chevtzoff, K.J. Walker, M.W.
Peggie, D. Zibrova, K.A. Green, K.J. Mustard, B.E. Kemp, K. Sakamoto, G.R.Steinberg, D.G. Hardie, The ancient drug salicylate directly activates AMP-activated
protein kinase, Science (2012) 918–922.
[13] T. Brody, Action of sodium salicylate and related compounds on tissue metabolism
in vitro, J. Pharmacol. Exp. Ther. 117 (1956) 39–51.
[14] M.J.H. Smith, B.W. Meade, The effect of salicylate on glycosuria, blood glucose and
liver glycogen of the alloxan-diabetic rat, Biochem. J. 51 (1952) 18–20.
[15] R.F. Mahler, Chemistry of hypoglycaemic substances other than insulin, Br. Med.
Bull. 16 (1960) 250–254.
[16] B.W. Meade, Effect of certain hydroxybenzoic acids on the oxygen consumption of
Wistar rats, Ann. Rheum. Dis. 13 (1954) 60–62.
[17] H.F.Woods,W.A. Stubbs, G. Johnson, K.G.M.M. Alberti, Inhibition by salicylate of glu-
coneogenesis in the isolated perfused rat liver, Clin. Exp. Pharmacol. Physiol. 1
(1974) 535–540.
[18] P. Schwenger, D. Alpert, E.Y. Skolnik, J. Vilcek, Activation of p38 mitogen-activate
protein kinase by sodium salicylate leads to inhibition of tumour necrosis factor-
induced I kappa B alpha phosphorylation and degradation, Mol. Cell. Biol. 18
(1998) 78–84.
[19] M.-J. Yin, Y. Yamamoto, R.B. Gaynor, The anti-inﬂammatory agents aspirin and salic-
ylate inhibit the activity of I kappa B kinase-beta, Nature 396 (1998) 77–80.
[20] M. Yuan, N. Konstantopoulos, J. Lee, L. Hansen, Z.-W. Li, M. Karin, S. Shoelson, Rever-
sal of obesity and diet-induced insulin resistancewith salicylates or targeted disrup-
tion of Ikk beta, Science 293 (2001) 1673–1677.
[21] R. Grempler, A. Kienitz, T. Werner, M. Meyer, A. Barthel, F. Ailett, C. Sutherland, R.
Walther, D. Schmoll, Tumour necrosis factor alpha decreases glucose 6-
phosphatase gene expression by activation of nuclear factor kappa B, Biochem. J.
382 (2004) 471–479.
[22] M. Foretz, S. Hébrard, J. Leclerc, E. Zarrinpashneh, M. Soty, G. Mithieux, K. Sakamoto,
F. Andreelli, B. Viollet, Metformin inhibits hepatic gluconeogenesis in mice indepen-
dently of the LKB1/AMPK pathway via a decrease in hepatic energy state, J. Clin. In-
vest. 120 (2010) 2355–2369.
[23] A.R. Cameron, S. Anil, E. Sutherland, J. Harthill, G. Rena, Zinc-dependent effects of
small molecules on the insulin-sensitive transcription factor FOXO1a and
gluconeogenic genes, Metallomics 2 (2010) 195–203.
[24] A.R. Cameron, S. Anton, L. Melville, N.P. Houston, S. Dayal, G.J. McDougall, D. Stewart,
G. Rena, Black tea polyphenols mimic insulin/IGF-1 signalling to the longevity factor
FOXO1a, Aging Cell 7 (2008) 69–77.
[25] A.R. Cameron, K. Wallace, L. Logie, A.R. Prescott, T.G. Unterman, J. Harthill, G. Rena,
The antineurodegenerative agent clioquinol regulates the transcription factor
FOXO1a, Biochem. J. 443 (2012) 57–64.
[26] G. Rena, S.D. Guo, S.C. Cichy, T.G. Unterman, P. Cohen, Phosphorylation of the tran-
scription factor forkhead family member FKHR by protein kinase B, J. Biol. Chem.
274 (1999) 17179–17183.
[27] G. Rena, A.R. Prescott, S.D. Guo, P. Cohen, T.G. Unterman, Roles of the forkhead in
rhabdomyosarcoma (FKHR) phosphorylation sites in regulating 14-3-3 binding,
transactivation and nuclear targetting, Biochem. J. 354 (2001) 605–612.
[28] R.W. Hunter, J.T. Treebak, J.F.P. Wojtaszewski, K. Sakamoto, Molecular mechanism
by which AMP-activated protein kinase activation promotes glycogen accumulation
in muscle, Diabetes 60 (2011) 766–774.
[29] C. Sutherland, Analysis of signal transduction pathways using molecular biological
manipulations, in: D.G. Hardie (Ed.), Protein Phosphorylation: A Practical Approach,
Oxford University Press, London, New York, 1999.
[30] S. Patel, P. Lochhead, G. Rena, C. Sutherland, Antagonistic effects of phorbol esters on
insulin regulation of insulin-like growth factor-binding protein-1 (IGFBP-1) but not
glucose-6-phosphatase gene expression, Biochem. J. 359 (2001) 611–619.
[31] S. Patel, P.A. Lochhead, G. Rena, S. Fumagalli, M. Pende, S.C. Kozma, G. Thomas, C.
Sutherland, Insulin regulation of insulin-like growth factor-binding protein-1 gene
expression is dependent on the mammalian target of rapamycin, but independent
of ribosomal S6 kinase activity, J. Biol. Chem. 277 (2002) 9889–9895.
[32] S. Patel, C. Lipina, C. Sutherland, Different mechanisms are used by insulin to repress
three genes that contain homologous thymine-rich insulin response elements, FEBS
Lett. 549 (2003) 72–76.
[33] A. Kalender, A. Selvaraj, S.Y. Kim, P. Gulati, S. Brule, B. Viollet, B.E. Kemp, N. Bardeesy,
P. Dennis, J.J. Schlager, A. Marette, S.C. Kozma, G. Thomas, Metformin, independent
of AMPK, inhibits mTORC1 in a rag GTPase-dependent manner, Cell Metab. 11
(2010) 390–401.
[34] E. Kickstein, S. Krauss, P. Thornhill, D. Rutschow, R. Zeller, J. Sharkey, R. Williamson,
M. Fuchs, A. Kohler, H. Glossmann, R. Schneider, C. Sutherland, S. Scheweiger,
Biguanide metformin acts on tau phosphorylation via mTOR/protein phosphatase
(PP2A) signaling, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 21830–21835.
[35] R.J.O. Dowling, M. Zakikhani, I.G. Fantus, M. Pollak, N. Sonenberg, Metformin inhibits
mammalian target of rapamycin-dependent translation initiation in breast cancer
cells, Cancer Res. 67 (2007) 10804–10812.
[36] J. Reid, R.D. Watson, J.B. Cochran, D.H. Sproull, Sodium gamma-resorcylate in rheu-
matic fever, Br. Med. J. 2 (1951) 321–326.
[37] N.E. Clarke, R.E. Mosher, C.N. Clarke, Phenolic compounds in the treatment of
rheumatic fever. I. A study of gentisic acid derivatives, Circulation 7 (1953)
247–257.
[38] L.E. Schaefer, I.A. Rashkoff, R.S. Megibow, Sodium gentisate in the treatment of acute
rheumatic fever, Circulation 2 (1950) 265–270.
[39] M.W. Whitehouse, P.D.G. Dean, Biochemical properties of anti-inﬂammatory drugs-
V, Biochem. Pharmacol. 14 (1965) 557–567.
[40] V. Fang, W.O. Foye, S.M. Robinson, H.J. Jenkins, Hypoglycemic activity and chemical
structure of the salicylates, J. Pharm. Sci. 57 (1968) 2111–2116.
[41] K. Clark, M. Peggie, L. Plater, R.J. Sorcek, E.R.R. Young, J.B. Madwed, J. Hough, E.G.
McIver, P. Cohen, Novel cross-talk within the IKK family controls innate immunity,
Biochem. J. 434 (2011) 93–104.
1422 A.R. Cameron et al. / Biochimica et Biophysica Acta 1862 (2016) 1412–1422[42] O. Goransson, A. McBride, S.A. Hawley, F.A. Ross, N. Shpiro, M. Foretz, B. Viollet, D.G.
Hardie, K. Sakamoto,Mechanism of action of A-769662, a valuable tool for activation
of AMP-activated protein kinase, J. Biol. Chem. 282 (2007) 32549–32560.
[43] J. Reid, Dinitrophenol and diabetes mellitus: a comparison with salicylate, Br. Med. J.
2 (1958) 724–727.
[44] T. Suzaki, T. Iyanagi, S. Kobayashi, Effect of 2,4-dinitrophenol on the oxidative me-
tabolism of hexobarbital by cytochrome P-450 in perfused rat liver, J. Biochem. 94
(1983) 361–371.
[45] B. Sibille, C. Keriel, E. Fontaine, F. Catelloni, M. Rigoulet, X.M. Leverve, Octanoate af-
fects 2,4-dinitrophenol uncoupling in intact isolated rat hepatocytes, Eur. J. Biochem.
231 (1995) 498–502.
[46] A. Salminen, J.M.T. Hyttinen, K. Kaarniranta, AMP-activated protein kinase inhibits
NF-κB signaling and inﬂammation: impact on healthspan and lifespan, J. Mol.
Med. 89 (2011) 667–676.
[47] R.S. Hundal, K.F. Peterson, A.B. Mayerson, P.S. Randhawa, S. Inzucchi, S. Shoelson, G.I.
Shulman, Mechanism by which high-dose aspirin improves glucose metabolism in
type 2 diabetes, J. Clin. Invest. 109 (2002) 1321–1326.
[48] K. Brune, K.D. Rainsford, A. Schweitzer, Biodistribution of mild analgesics, Br. J. Clin.
Pharmacol. 10 (1980) 279S–284S.
[49] K.D. Rainsford, A. Schweitzer, K. Brune, Distribution of the acetyl compared with the
salicyl moiety of acetylsalicylic acid: acetylation of macromolecules in organs
wherein side-effects are manifest, Biochem. Pharmacol. 32 (1983) 1301–1308.[50] J. Wolff, F.K. Austen, Salicylates and thyroid function. II. The Effect on the Thyroid-
Pituitary Interrelation, J. Clin. Invest. 37 (1958) 1144–1152.
[51] J. Koska, E. Ortega, J.C. Bunt, A. Gasser, J. Impson, R.L. Hanson, J. Forbes, B. de Courten,
J. Krakoff, The effect of salsalate on insulin action and glucose tolerance in obese
non-diabetic patients: results of a randomised double-blind placebo-controlled
study, Diabetologia 52 (2009) 385–393.
[52] B. Brunmair, K. Staniek, F. Gras, N. Scharf, A. Althaym, R. Clara, M. Roden, E. Gnaiger,
H. Nohl, W. Waldhausl, C. Furnsinn, Thiazolidinediones, like metformin, inhibit re-
spiratory complex I: a common mechanism contributing to their antidiabetic ac-
tions? Diabetes 53 (2004) 1052–1059.
[53] M.M. Andrews, The glycogenolytic activity of some substituted salicylic acids,
Biochem. J. 75 (1960) 298–303.
[54] J.K. Kim, Y.-J. Kim, J.J. Fillmore, Y. Chen, I. Moore, J. Lee, M. Yuan, Z.W. Li, M. Karin, P.
Perret, S.E. Shoelson, G.I. Shulman, Prevention of fat-induced insulin resistance by
salicylate, J. Clin. Invest. 108 (2001) 437–446.
[55] M.C. Arkan, A.L. Hevener, F.R. Greten, S. Maeda, Z.-W. Li, J.M. Long, A. Wynshaw-
Boris, G. Poli, J. Olefsky, M. Karin, IKK-[beta] links inﬂammation to obesity-induced
insulin resistance, Nat. Med. 11 (2005) 191–198.
